ABSTRACT Aims/Introduction: To prospectively investigate whether simultaneous elevation of gamma-glutamyl transferase (GGT) and alanine aminotransferase (ALT) is associated with the increase of type 2 diabetes mellitus incidence independent of alcohol drinking, body mass index and triglycerides. Methods: A total of 2,775 Japanese male workers who had no history of type 2 diabetes mellitus were followed. High GGT and ALT were defined as the top tertiles (GGT cutpoint: 49 IU/L, ALT cutpoint: 28 IU/L). Three groups were created using these dichotomized GGT and ALT cutpoints: both low, either high or both high. Multivariable Cox proportional hazards models were carried out adjusted for potential confounding factors. Results: A total of 276 type 2 diabetes mellitus cases were identified during 12 years (27,040 person-years) of follow up. Participants with simultaneously elevated GGT and ALT had a significantly higher incidence of type 2 diabetes mellitus, even after adjustment for fasting insulin and fasting blood glucose compared with the group without GGT or ALT elevation. Similar associations were observed in non-or light-to-moderate alcohol drinkers, as well as in participants with normal weight. However, the association was weaker in participants with triglycerides <150 mg/dL. We then evaluated whether the addition of GGT and ALT would improve the prediction of type 2 diabetes mellitus incidence, and found that their inclusion significantly increased the C-statistic, net reclassification improvement and integrated discrimination improvement. Conclusions: Simultaneous elevation of GGT and ALT was significantly associated with type 2 diabetes mellitus incidence, independent of potential confounding factors, including alcohol drinking and obesity, although the association might require concomitant elevation of triglycerides. Inclusion of GGT and ALT improved type 2 diabetes mellitus risk prediction.
INTRODUCTION
The epidemic of diabetes mellitus is a serious global public health issue 1 . In Japan, the prevalence of diabetes mellitus is expected to increase from 7.9 to 9.8% during the next two decades 2 . Understanding the pathophysiological pathways leading to type 2 diabetes mellitus would be important for planning effective and efficient prevention programs.
The liver plays an important role in the regulation of blood glucose levels, especially in the fasting state 3 , and liver injury indicated by the elevation of blood alanine aminotransferase (ALT) or gamma-glutamyl transferase (GGT) levels has been reported to increase the incidence of type 2 diabetes mellitus [4] [5] [6] [7] . These enzymes would be markers of underlying liver pathology, such as liver fat accumulation or excessive alcohol intake 8, 9 , although a recent Mendelian randomization study suggested that ALT might be a causal factor 10 . Thus, we decided to explore the associations of ALT and GGT with the development of type 2 diabetes mellitus in a cohort of middleaged Japanese men, not only by statistically controlling for potential confounding factors, but also by carrying out several stratified analyses by important confounding or mediating variables, including alcohol intake, obesity and hypertriglyceridemia [11] [12] [13] [14] . Furthermore, it would be clinically relevant to examine the simultaneous elevation of ALT and GGT levels, and its relationship with the development of type 2 diabetes mellitus incidence. Although previous cross-sectional studies have shown that the combination of higher GGT and ALT had a positive association with type 2 diabetes mellitus 15, 16 , prospective studies on that issue are limited. As a statistically significant association does not necessarily indicate usefulness for prediction, we also evaluated the incremental predictive value of the liver enzymes.
In the present study, the association of elevated GGT and/or ALT with the development of type 2 diabetes mellitus was examined prospectively with stratification by alcohol drinking, obesity or elevated triglyceride (TG) levels. We evaluated the predictive value of adding GGT and ALT for type 2 diabetes mellitus incidence at 10 years, which has not been previously done.
METHODS

Study population
The Aichi Workers' Cohort Study established in 1997 is an ongoing prospective study of diabetes mellitus and cardiovascular disease in Aichi Prefecture, located in central Japan.
In 2002, 6648 Japanese civil servants aged 35-66 years participated in the wave 2 baseline survey by responding to selfadministered questionnaires and providing their mandatory annual health checkup data 17 . The present study was first restricted to 5,177 male participants because of the small number of female type 2 diabetes mellitus cases observed during the follow-up period. The following participants were then excluded sequentially: (i) 842 who did not give consent to our use of medical history or health checkup data; (ii) 448 prevalent type 2 diabetes mellitus cases at baseline, defined as selfreported medication use or baseline fasting blood glucose (FBG) level ≥126 mg/dL or glycated hemoglobin ≥6.5% (with the USA National Glycohemoglobin Standardization Program method); (iii) 1,108 with missing values for baseline fasting insulin concentration, FBG or smoking status; and (iv) four individuals aged ≥65 years at baseline. Thus, 2,775 participants were left for the analysis.
The study protocol was approved by the Bioethics Review Committee of Nagoya University School of Medicine, Nagoya, Japan (approval number: 504-4).
Measurement of exposures, confounders and outcomes
GGT, ALT and other laboratory measures Blood was drawn after at least 8 h of fasting. Serum samples were collected and stored at -80°C until biochemical assay. All assays were carried out at a commercial laboratory using the standard procedures. ALT and GGT were measured by the consensus method of the Japan Society of Clinical Chemistry. TG and total cholesterol (TC) were enzymatically determined. High-density lipoprotein cholesterol (HDL-c) was measured by the phosphotungstate method. FBG was enzymatically determined by the hexokinase method. Insulin concentration was measured by a solid-phase radioimmunoassay (RIABEAD II; Abbott Japan Co. Ltd., Tokyo, Japan).
Covariates
Baseline weight and height were obtained at the annual health checkup. Height was measured in the standing position to the nearest 0.1 cm, and bodyweight was measured to the nearest 0.1 kg. The body mass index (BMI) was computed as bodyweight (kg) divided by the square of height (m) and used as a continuous variable in the analyses. Information on alcohol consumption was self-reported. Participants responded to items regarding the frequency of drinking, type of alcohol and the amount of each type of alcohol per occasion. Alcohol intake (g/day) was estimated based on the responses to these items. Non-or light-to-moderate drinking was defined as those who responded that alcohol intake was <20 g/day 18 . Current smoking status was dichotomized as non-current smoker or current smoker. Physically active individuals were defined as those who engaged in a moderate or vigorous leisure-time exercise for a total of ≥60 min for ≥4 days per month. A family history of diabetes was defined as one or more first-degree relatives reported to have the disease.
Ascertainment of incident type 2 diabetes mellitus
The participants were followed through 31 December 2014. The person-years were calculated from baseline to the date of censoring, ascertainment of incident type 2 diabetes mellitus or the end of the follow up, whichever came first. Participants were censored when they died or retired from the workplace, except for those who agreed to provide their health history information to the researchers after their retirement (46.7% of retirees). Incident type 2 diabetes mellitus cases were ascertained through annual mandatory health checkups at workplaces until retirement and questionnaire surveys during employment, as well as after retirement. For the former, the health checkup data were annually reviewed, and type 2 diabetes mellitus incidence was defined to occur when the FBG level first became ≥126 mg/dL or glycated hemoglobin became ≥6.5%. The glycated hemoglobin test was provided only to employees aged 40, 45, 50 and 55 years until 2007, and to those with positive urinary glucose after 2008. A self-administered questionnaire survey was carried out approximately biennially between 2004 and 2014. Participants were asked to report their medical histories of selected conditions including type 2 diabetes mellitus. The participants who reported a type 2 diabetes mellitus history were requested to provide the detailed contact information of the physicians who took charge of their disease management. The participants' medical records were confirmed with their physicians when participants gave their written consent.
Statistical analysis
First, participants were divided into two groups by the upper cut-off values of ALT and GGT tertiles: low ALT 5-27 and high ALT 28-578 IU/L; low GGT 8-48 and high GGT 49-1,121 IU/L. Subsequently, participants were grouped into three groups by the combination of the above two liver markers: "both low," "either high" and "both high." Those with only high ALT and those with only high GGT were collapsed, as type 2 diabetes mellitus incidence in these categories was low (<10). Cox proportional hazards regression models according to the combination of ALT and GGT were carried out to estimate hazard ratios (HRs) and respective 95% confidence intervals (95% CIs) for the risk of type 2 diabetes mellitus. The first model was adjusted for potential baseline confounders, including continuous variables of age, alcohol intake (g/day), logarithmically transformed (Ln-) BMI, Ln-TG, Ln-HDL-c and Ln-TC, as well as categorical variables of current smoking status (yes/ no), regular physical activity (yes/no) and family history of diabetes mellitus (yes/no). The second model was further adjusted for Ln fasting insulin, Ln-GGT or Ln-ALT and a categorical variable for FBG levels (<100, 100-109, ≥110 mg/dL). Stratified analyses were carried out by the presence/absence of excessive drinking (alcohol intakes ≥20 g/day) 18 , overweight (BMI ≥25 kg/m 2 ) 19 and hypertriglyceridemia (TG ≥150 mg/dL), as well as by low HDL-c (HDL-c < 40 mg/dL), high TC (TC ≥ 240 mg/ dL) 20 , high FBG (FBG ≥ 100 mg/dL) 21 and high fasting insulin levels (fasting insulin ≥ 10 lU/mL) 22 . We also evaluated the incremental predictive value of adding Ln-GGT or/and Ln-ALT for the 10-year risk of type 2 diabetes mellitus incidence by the C-statistic, continuous integrated discrimination improvement (IDI) and net reclassification improvement (NRI) with 95% CI. The C-statistic is the area under the receiver operating curve among individuals with different event times, and the values 0.70 to <0.80, and >0.80 are judged to have acceptable and excellent discrimination, respectively 23 . 24 NRI and IDI are alternatives to the increase in the C-statistic for evaluating improvement in the performance of different two models by the addition of new markers 24, 25 . The base model included potential confounding variables listed in Table 2 . Calculation of these indicators was based on 300 iterations of perturbation resampling. To evaluate the predictive value for the combination of GGT and ALT, their interaction term was also included.
Statistical analyses were carried out using IBM SPSS Statistics for Windows software, Version 24.0 (Armonk, NY, USA) and R version 3.4.3 (Vienna, Austria) for Windows (http://cran.rproject.org/). A P-value <0.05 was considered to be significant.
RESULTS
Baseline characteristics
The mean age of the participants in the present study was 48.1 years. Participants in the highest GGT category were older and more likely to be current smokers (Table 1) . They also had significantly higher alcohol intake, BMI, and blood levels of triglycerides, fasting insulin levels and FBG. Participants in the highest ALT category were also significantly older, and had higher BMI and blood levels of triglycerides, fasting insulin levels and FBG. Alcohol intake and smoking status did not differ among categories of ALT tertile.
Association between GGT or ALT and type 2 diabetes mellitus incidence During the 12-year follow-up period of 2,775 Japanese male workers (27,040 person-years), 276 developed type 2 diabetes mellitus. The overall crude incidence rate was 10.2 per 1,000 person-years. It was confirmed that most of the potential confounding variables were associated with type 2 diabetes mellitus incidence, except for regular physical activity and total cholesterol ( Table 2 ).
The incidence rates became higher according to the increase in the GGT or ALT categories (Table 3) . Multivariable-adjusted HRs of type 2 diabetes mellitus for men in the highest GGT or ALT categories compared with the lowest tertile were significantly higher than unity. Further adjustment for fasting insulin, FBG and each liver enzyme attenuated the significant association of GGT with type 2 diabetes mellitus, but not for the association of ALT.
Stratified analyses by drinking status, BMI and triglycerides
The incidence rates of type 2 diabetes mellitus in categories created by the combination of GGT and ALT were 6.1, 11.6 and 17.1 per 1,000 person-years in "both low", "either high" and "both high" categories, respectively ( Table 4 ). The positive association remained significant in the fully-adjusted model including fasting insulin and FBG. The significant associations were also observed in non-or light-to-moderate drinkers and in individuals with normal weight, suggesting that there are direct associations independent of these conditions associated with elevated GGT and ALT (P for difference in the associations according to drinking status and BMI >0.05). In addition, we observed significant associations of the combination of GGT and ALT with type 2 diabetes mellitus incidence in participants with a normal TC range, FBG <100 mg/dL and fasting insulin <10 lU (Table S1 ). However, the association might have been confounded by the presence of hypertriglyceridemia or low HDL-c. Namely, the association of the combination of GGT and ALT appeared to be significant only in participants with hypertriglyceridemia or low HDL-c. Incremental predictive value of adding GGT or/and ALT The base model that included traditional risk factors for type 2 diabetes mellitus showed a C-statistic of 0.747 (95% CI 0.717-0.778; Table 5 ). The addition of Ln-GGT or/and Ln-ALT to the base model increased the C-statistic, and significantly improved IDI and NRI (P < 0.05). However, further adding GGT to the model (base + ALT) did not significantly improve IDI (P = 0.159) nor NRI (P = 0.106) anymore.
DISCUSSION
The present study showed that simultaneous elevation of GGT and ALT was significantly associated with the development of type 2 diabetes mellitus, even after adjustment for fasting insulin and FBG levels. Furthermore, the association was observed in non-or light-to-moderate drinkers or in participants with normal weight, totally excluding the possibility of confounding by these variables. Interestingly, the significant association was observed in participants with elevated triglyceride levels, but not in participants with normal triglyceride levels.
The present prospective study is consistent with and extends the findings of previous cross-sectional studies 15, 16 . Adjustment for additional variables, such as fasting insulin and fasting blood glucose, was also carried out. Furthermore, stratified analyses were carried out by alcohol drinking status, overweight and hypertriglyceridemia in the present study. Significant associations observed in non-or light-to-moderate drinkers, as well as in individuals with normal weight, indicated that elevation of ALT and GGT would increase type 2 diabetes mellitus risk independent of alcohol intake and obesity. However, the association was observed only in participants with high triglyceride levels. This finding might indicate that the simultaneous presence of hepatic fat accumulation (high TG) and liver injury (high ALT), as well as oxidative stress (high GGT), is etiologically involved in the development of type 2 diabetes mellitus 13, 14, 26, 27 . The implications of the present findings are threefold. First, participants with elevated ALT and GGT had approximately double the risk of type 2 diabetes mellitus incidence, independent of confounding variables, including alcohol intake, obesity, fasting insulin and FBG. Liver injury expressed by elevation of both GGT and ALT should be avoided to prevent type 2 diabetes mellitus. Second, investigations are warranted in those with elevated GGT and ALT for the cause of their elevation, so as to plan type 2 diabetes mellitus preventive measures. Finally, the molecular pathway leading from the concomitant elevation of triglycerides, ALT and GGT to type 2 diabetes mellitus development should be elucidated. We previously reported that the degree of intrahepatic fat accumulation was positively associated with blood levels of ALT independent of homeostasis model assessment for insulin resistance, which indicated that liver fat per se leads to liver damage 28 and a state of increased oxidative stress 3, [29] [30] [31] . The association between non-alcoholic fatty liver disease and type 2 diabetes mellitus incidence could be explained by intrahepatic fat-led systemic inflammation and insulin resistance 14, [32] [33] [34] . However, it remains to be elucidated whether early signs of liver damage by intrahepatic fat or non-alcoholic fatty liver disease itself would lead to type 2 diabetes mellitus, or if insulin resistance would be responsible for intrahepatic fat accumulation 35 . Regarding the incremental predictive value, a cross-sectional study in Singapore and a prospective study in the Netherlands implied that the addition of liver enzymes improved the predictive value for type 2 diabetes mellitus 15, 36 . The present study extended the evidence to a long-term prospective cohort study.
The strengths of the present study include the prospective cohort design with a 12-year follow-up period. Fasting insulin and FBG were included as a covariate, and stratified analyses were carried out by important variables. Furthermore, the predictive value of GGT and ALT were evaluated by reliable indicators, such as the C-statistic, IDI and NRI. However, there were several limitations. First, it was not possible to differentiate non-drinkers who might have quit drinking due to health problems. We included non-drinking to be collapsed with light-tomoderate drinking in the present study. This might be a reason for the slightly higher incidence rate of type 2 diabetes mellitus in that group than in excessive drinking when GGT and/or ALT was high. Second, while creating categories for the combination of GGT and ALT, the category with only high ALT or GGT was collapsed, as type 2 diabetes mellitus incidence was not considered enough. Future studies are required to investigate the main effect of each liver enzyme and their joint effect on type 2 diabetes mellitus incidence. Third, women could not be evaluated because of the small sample size in the present study. Much larger studies are required to investigate the associations in women.
In conclusion, a concomitant increase of ALT and GGT was associated with a higher incidence of type 2 diabetes mellitus during a 12-year follow-up period in middle-aged Japanese men, independent of alcohol drinking and weight. The positive association was not observed in men with normal triglyceride levels.
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